Vitamin D deficiency and oral diseases (periodontitis, caries, and tooth loss) are highly prevalent in Germany. Previous studies suggested that vitamin D might be a modifiable and protective factor for periodontitis, caries, and tooth loss. However, prospective studies investigating such associations are limited. We explored the association between the concentration of serum 25-hydroxy vitamin D (25OHD) and incidence of tooth loss, progression of clinical attachment loss (CAL) ≥ 3 mm, and progression of restorative and caries status in a population-based longitudinal study. We analyzed data from 1,904 participants from the Study of Health in Pomerania with a five-year follow-up. Generalized estimating equation models were applied to evaluate tooth-specific associations between serum 25OHD and incidence of tooth loss, progression of CAL ≥ 3 mm, and progression of restorative and caries status. Age, sex, education, smoking status, alcohol drinking, waist circumference, dental visit frequency, reasons of dental visit, vitamin D or calcium supplements, and season of blood draw were considered as confounders. Serum 25OHD was inversely associated with incidence of tooth loss. A significant dose-response relationship (p = .0022) was observed across the quintiles of serum 25OHD. After adjusting for multiple confounders, each 10-µg/L increase of serum 25OHD was associated with a 13% decreased risk of tooth loss (risk ratio: 0.87; 95% confidence interval: 0.79, 0.96). The association was attenuated for changes of CAL ≥ 3 mm when adjusting for multiple confounders. No significant association was found between serum 25OHD and caries progression. Vitamin D might be a protective factor for tooth loss. The effect might partially be mediated by its effect on periodontitis.
P eriodontitis is highly prevalent in Germany (Holtfreter et al., 2009 ) and throughout the world (Eke et al., 2012) . It is a chronic inflammatory disease characterized by periodontal attachment loss. Dental caries is another very common oral disease with a high prevalence in the elderly (Liu et al., 2013) . Both periodontitis and caries are primary causes of tooth loss and account for 70% of tooth loss in Germany, while trauma, orthodontics, prosthodontics, and wisdom teeth account for the other 30% of tooth loss (Glockmann et al., 2011) . Periodontitis, caries, and tooth loss are closely associated with poor quality of life (Al-Harthi et al., 2013) , incidence of systemic diseases (Dietrich et al., 2013) , and cancer (Zeng et al., 2013) .
Recent studies suggested that elevated serum 25-hydroxy vitamin D (25OHD) might decrease the risk of gingival inflammation (Dietrich et al., 2005) , periodontitis (Millen et al., 2013) , caries (Grant, 2011) , and tooth loss (Jimenez et al., 2014) . Likewise, vitamin D intake was reported to protect against periodontal disease progression (Alshouibi et al., 2013) . Although previous studies suggested relationships between vitamin D and periodontitis, tooth loss, or caries, they were hardly suitable to assess the causality of these relations. Prospective population-based studies with reasonable sample size are needed to further examine these associations.
In the present study, we explored the association between serum 25OHD and incident tooth loss, progression of periodontal diseases, and progression of the restorative and carious status, using five-year follow-up data from the Study of Health in Pomerania (SHIP).
MAtErIAls & MEtHODs study Participants
SHIP is a population-based prospective study in northeast Germany. Details of the study design were published previously (Volzke et al., 2011) . In brief, baseline examinations (SHIP-0) were conducted between 1997 and 2001: 7,008 inhabitants were sampled from the source population via a 2-stage cluster sampling design. Because of death, migration, or medical problems, 746 participants were excluded. Of the remaining 6,262 participants, 68.8% responded, resulting in 4,308 participants. The five-year follow-up (SHIP-1) was conducted between 2002 and 2006 and comprised 3,300 participants. The 11-year followup (SHIP-2) was conducted between 2008 and 2012 and included 2,333 participants.
For the present study, data of SHIP-1 and SHIP-2 were used, as serum 25OHD concentrations were measured only in SHIP-1. During the follow-up period, 249 participants died and 14 migrated. After exclusion of those who were lost for follow-up (n = 814), with self-reported liver disorder, kidney disorder, estimated glomerular filtration rate < 30 mL/mim/1.73m 2 , or pregnancy (n = 121); no teeth in SHIP-1 (n = 154); missing dental examination (n = 18); missing serum 25OHD (n = 24); and missing data on other covariates (n = 2), 1,904 participants were included in the present analyses ( Figure 1 ).
The present study was in accordance with the ethical standards of the responsible institutional or regional committee on human experimentation or in accordance with the Helsinki Declaration of 1975 as revised in 1983. The present study also complied with STROBE checklists. The study protocol was approved on December 12, 2001, by the local ethics committee of the University of Greifswald (registration number: III UV 73/01), and all participants gave informed written consent.
Assessment of serum 25OHD
Nonfasting blood samples were taken from the cubital vein of participants in the supine position between 8:00 am and 8:00 pm. Serum aliquots were stored at −80°C. Serum 25OHD was measured on the IDS-iSYS Multi-Discipline Automated Analyser (Immunodiagnostic Systems Limited, Frankfurt am Main, Germany) with the IDS-iSYS 25-Hydroxy Vitamin D assay. During the course of the study, the coefficients of variation were 16.8%, 13.9%, and 12.0% at low, medium, and high concentrations of control material, respectively.
Dental Examinations
Dental examinations were conducted by 6 calibrated and licensed dentists in both studies (3 were identical in both studies). Tooth status (present/absent) was assessed, and the number of present teeth was counted, excluding the third molars (maximum number, 28 teeth; full mouth). In both surveys, periodontal examinations were done with a periodontal probe (SHIP-1: PCP-2; SHIP-2: PCP-11, Hu-Friedy, Chicago, IL, USA) according to the half-mouth method, alternating on the left or right side, excluding third molars. Measurements were made at 4 sites per tooth (mesiobuccal, midbuccal, distobuccal, and midlingual/ midpalatal). For recording, measurements were mathematically rounded to the nearest whole millimeter. Coronal caries was assessed on a half-mouth basis. Carious defects, missing, and filled surfaces were diagnosed, and the sum of decayed and filled surfaces per tooth was calculated.
covariates Ascertainment
Waist circumference was measured to the nearest 0.5 cm at the midpoint between the lower ribs and the iliac crest, with the participant wearing light clothes. Smoking status was defined as never, former, and current smoking. Education level was classified into < 10, 10, and > 10 yr. Dental visit frequency was recorded via "How often have you been to the dentist during the last year?" and classified into 0, 1, and ≥ 2. Alcohol drinking was classified as no drinking, 1 or 2 drinks/d, and ≥ 3 drinks/d. Reasons for last dental visit were collected via "Do you only consult a dentist because of pain or complaints or also for regular check-ups?" and the presence of loose teeth was recorded as "Do you have loose teeth?" Date of blood draw was recorded on scene and classified into 4 quarters of a year.
statistical Analysis
Baseline characteristics were presented as mean ± standard deviation for continuous variables and numbers (percentage) for categorical variables by quintiles of serum 25OHD. Chi-square tests were used to test proportions, and univariate analyses of variance were applied to test means. The tooth-specific incidence of tooth loss, progression of clinical attachment loss (CAL) ≥ 3mm (at least 1 of the 4 measured sites of a tooth with increase of CAL ≥ 3 mm), and progression of restorative or caries status (at least 1 additional surface with a new filling or new primary or secondary carious lesion) were based on 10,000 tooth-years.
Analyses on tooth level (a tooth as the analyzing unit) were conducted to explore the associations between serum 25OHD and incident tooth loss, progression of CAL ≥ 3 mm, and progression of restorative or caries status. To account for the dependence of teeth within participants, generalized estimating equations with log link function, exchangeable working matrix, and log-transformed follow-up years as offset were used.
We chose to parameterize serum 25OHD as follows: quintiles (see Appendix), dichotomous with a cutoff value below 20 µg/L as vitamin D deficiency (Holick et al., 2011) , and increase of serum 25OHD by 10 µg/L. Risk ratios (RRs) and 95% confidence intervals (CIs) were reported. Models were adjusted for age, sex, waist circumference, smoking, alcohol drinking, education, dental visit frequency, reasons for dental visit, vitamin D (Anatomical Therapeutic Chemical code: A11CC) and calcium supplements (Anatomical Therapeutic Chemical code: A12A), and season of blood draw. Testing for statistical interactions between serum 25OHD and confounders revealed no significant interactions. To examine whether mean CAL or number of filled or carious surfaces per tooth or loose teeth at baseline were mediators of the effect of serum 25OHD on tooth loss, a fourth model was fitted by entering mean CAL, number of filled or carious surfaces per tooth, or loose teeth separately into the models using data based on half-mouth recordings only (CAL and caries were only half-mouth recorded as opposed to tooth status). We used inverse probability weighting according to variables (serum 25OHD, age, sex, education, smoking, alcohol drinking, dental visit frequency, and season of blood draw) to take into account the loss to follow-up for sensitivity analysis. Statistical tests were 2-tailed, and the threshold for statistical significance was set at p < .05. All analyses were performed in Stata/MP 12.1 (StataCorp 2011, Stata Statistical Software: Release 12, College Station, TX, USA).
rEsults
Baseline characteristics of the study participants by quintiles of serum 25OHD are presented in Table 1 . In total, 1,143 (60.0%) participants were vitamin D deficient. The number of present teeth and number of teeth with caries at the baseline did not differ significantly across the quintiles (p = .052 and .078), while mean CAL showed a significant difference (p = .030). Distributions of age, waist circumference, sex, alcohol drinking, and season of blood draw were different (p < .05), whereas those of education, smoking, dental visit frequency, reasons of dental visit, and loose teeth were comparable across the quintiles (p > .05).
The mean follow-up time was 5.9 yr (range: 3.8-9.7 yr). Incidence rates of tooth loss on tooth level significantly increased with decreasing serum 25OHD concentrations (p < .001; Appendix Table 1 ). Likewise, incidence rates for changes of CAL ≥ 3 mm were also increasing across quintiles (p < .001), whereas the incidence rates for caries were comparable across quintiles of serum 25OHD (p = .158).
As shown in Table 2 and Appendix Table 2 , higher serum 25OHD concentrations were associated with a lower risk of tooth loss in all models. When participants were classified into vitamin D deficient and nondeficient, the latter had a lower risk of tooth loss (RR: 0.86; 95% CI: 0.73, 1.00). With serum 25OHD as a continuous variable, each 10-µg/L increase was associated with a 13% lower risk of tooth loss after multivariable adjustment. Compared with participants in the first quintile, those in the fifth quintile exhibited a 30% lower risk of tooth loss (RR: 0.70; 95% CI: 0.54, 0.91) after adjustment for age and sex in model 1. When additionally adjusted for multiple confounders, the association was slightly attenuated in model 2 (RR: 0.77; 95% CI: 0.60, 0.99).
Associations of serum 25OHD and tooth-specific incidence of changes of CAL ≥ 3 mm are presented in Table 3 and   Appendix Table 3 . No significant association between serum 25OHD and incidence of changes of CAL ≥ 3 mm was observed. When further adjusting for multiple confounders, the RR was 0.92 (95% CI: 0.73, 1.17) for each 10-µg/L increase in serum 25OHD.
We additionally evaluated the association between serum 25OHD and incident caries on tooth level (Table 4 and Appendix Table 4 ). The RR was 0.96 (95% CI: 0.83, 1.10) for each 10-µg/L increase in serum 25OHD when adjusting for other covariates. No linear trend was observed across the quintiles of serum 25OHD in neither model (p > .10).
To test whether the effect of serum 25OHD on tooth loss might be mediated by CAL, caries, or fillings, we performed additional analyses using data recorded on a half-mouth basis. The association between serum 25OHD and tooth loss was attenuated slightly from 0.87 to 0.92 for a 10-µg/L increase in serum 25OHD when mean CAL was included (Appendix Table  5 ). Adjusting for the number of carious surfaces per tooth, number of filled surfaces, and loose teeth did not change the association relevantly.
The results hardly changed in the sensitivity analysis, when loss of follow-up was taken into account using inverse probability weighting.
DIscussIOn
In this community-based prospective study, we found an inverse association between serum 25OHD concentration and tooth loss. Compared with participants in the lowest quintile of 25OHD, those in the highest quintile had a 23% lower risk of tooth loss. The association exhibited a linear trend and was independent of age, sex, education, dental visit frequency, reasons of dental visit, waist circumference, smoking, alcohol drinking, vitamin D and calcium supplements, and season of blood draw. No significant interactions were observed between serum 25OHD and the other variables. Regarding the association between serum 25OHD and incidence of changes of CAL ≥ 3 mm on tooth level, the linear trend test across the quintiles was not significant. The association was not independent of other confounders. Regarding the progression of caries, there were no significant findings.
Increasing evidence linking vitamin D and oral health status has been emerging during the past decades. The Health Professionals Follow-up Study, the largest study with the longest follow-up, reported that participants with a predicted 25OHD score in the highest quintile had a 14% lower risk of self-reported tooth loss than those in the lowest quintile (Jimenez et al., 2014) . A case-control study also linked serum 25OHD with periodontal disease in pregnant women (Boggess et al., 2011) . In line, a recent cross-sectional study asserted that women with 25OHD ≥ 50 nmol/L (25 µg/L) had 33% lower odds of periodontal disease compared with those having 25OHD concentrations < 50 nmol/L (Millen et al., 2013) . Previous reports also found periodontitis and gingival inflammation to be more prevalent in those with low serum 25OHD (Dietrich et al., 2005) . In addition to the observational studies, studies assessing vitamin D intake or supplementations also reported benefits on oral health. A prospective study found that vitamin D intake ≥ 800 IU/d (equals 20 µg/d) was associated with 33% lower risk of severe periodontal disease compared with an intake of < 400 IU/d (equals 10 µg/d). Vitamin D supplements were also found to have beneficial effects on tooth loss (Krall et al., 2001) and chronic periodontitis prevention (Garcia et al., 2011) . A metaanalysis concluded that vitamin D supplements might lower the risk of caries in children (Hujoel, 2013) . Furthermore individuals with sufficient serum 25OHD at the time of periodontal surgery benefited more than those with deficient serum 25OHD, but vitamin D supplementation at the time of surgery failed to prevent negative clinical outcomes, and it might be advisable to ensure adequate 25OHD levels to attain the best results in advance of periodontal surgery (Bashutski et al., 2011) . Our findings were consistent with these results in the establishment of the association between serum 25OHD and tooth loss. The association between serum 25OHD and incidence of changes of CAL ≥ 3 mm in our study was also similar to the result reported in the Health Professionals Follow-up Study.
Several biological mechanisms might be proposed to explain the statistical links between serum 25OHD and tooth loss or periodontal disease. In the first place, the primary function of vitamin D has long been recognized as regulating calcium maintenance, which plays a key role in bone metabolism. Several animal studies found that vitamin D and calcium status might control the formation of dental alveolar bone and prevent the (Chen et al., 2012) . Periodontitis, periodontal ligament, alveolar bone loss, and tooth loss are closely related. In the second place, anti-inflammatory or antimicrobial effects of vitamin D were discussed in a number of studies and might partially explain the observed associations (Zanetti et al., 2014) . Interleukin and tumor necrosis factor α were suggested to be involved in bone loss (Graves, 2008) . Vitamin D was also reported to be able to inhibit the periodontal inflammation by decreasing interleukin 6, interleukin 8, and tumor necrosis factor α expression (Tang et al., 2013) . These results may suggest a protective effect of vitamin D on periodontal health.
In the present study, we hypothesized that vitamin D might influence tooth loss through periodontal status, the progression of caries/fillings, and loose tooth. We conducted additional analyses on a half-mouth basis to test this hypothesis. Considering the results from Tables 3 and 4, we conclude that the observed association between serum 25OHD and tooth loss might be partially explained by changes in the periodontal status. This hypothesized biological pathway should be further tested in future studies with full-mouth periodontal examinations. Apart from that, the observed associations might also be confounded by socioeconomic status or systemic disease (Autier et al., 2014) . Serum 25OHD concentration was lower in people with disadvantaged socioeconomic position (Navarro Mdel et al., 2013) , inflammation (Querfeld, 2013) , and cardiovascular diseases (Norman and Powell, 2014) , to which tooth loss and periodontal status were also related (Dietrich et al., 2013) . Thus, residual confounding of socioeconomic position or systemic disease might explain this association and should be examined in the future.
The strength of the present study is its longitudinal design in a community-based sample. To the best of our knowledge, this is the first study investigating associations of serum 25OHD with tooth loss, periodontal progression, and caries prospectively. Apart from that, periodontal data were collected by clinical examination, and serum 25OHD was assessed rather than predicted from questionnaire. Additionally, we tested whether the effects of serum 25OHD on tooth loss was through periodontitis or caries. Further studies are still warranted to clarify the biological pathway.
The major limitation of the present study was the half-mouth examination of CAL and caries. Analyses based on half-mouth examinations have a decreased power and information loss and might shift the association toward the null effect because of misclassification (Beck et al., 2006) . As a second limitation, serum 25OHD was measured only in SHIP-1 but not in the follow-up, SHIP-2. Thus, information on whether the serum 25OHD concentrations had changed during the follow-up period was not available. Another limitation is that serum 25OHD was not measured in the same season in all participants. Vitamin D has a strong seasonal variation in Germany, which affects the diagnosis of vitamin D deficiency (Bolland et al., 2007) . To overcome this, we adjusted for season of blood draw in the analysis. We also acknowledged loss of follow-up in the present study; however, we used inverse probability weighting in the analysis, which showed that the results hardly changed. Taken together, the aforementioned limitations might result in a nondifferential bias toward the null.
cOnclusIOns
In conclusion, the present results suggest that higher serum 25OHD concentrations are independently associated with a lower risk of tooth loss. Our findings might have important public health and clinical implications for the prevention or treatment of periodontal disease and tooth loss. 
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